Hybrid density-functional calculations performed on the metal-organic compound Nb͑TCNE͒ 2 ͑TCNE= tetracyanoethylene͒ confirm it to be a ferrimagnet with a high ordering temperature for a material of its class. Most interestingly, inspection of the electronic band structure reveals that the material is a half-metal. The structure investigated is formed by layers of Nb 2+ ions and TCNE molecules, which are bridged by additional TCNE ligands. A delicate balance between strong on-site electron correlation characteristic of the electronic d states in Nb 2+ and off-site hybridization with the TCNE molecules in the layers produces a half-metallic state. These spin-polarized Nb 2+ -͓TCNE͔ ·− layers are then coupled ferrimagnetically with the TCNE ligands above and below. The coexistence of intrinsic high-temperature ferrimagnetism and halfmetallicity in a metal-organic compound is very relevant for the emerging area of half-metallic and organic spintronics. Metal-organic magnets have been researched extensively over the last few decades because they offer the prospect of realizing magnets fabricated through controlled, lowtemperature solution-based chemistry, as opposed to hightemperature metallurgical routes. In addition, in these materials magnetic properties can be tuned through synthesis. Unfortunately many of the compounds that have been synthesized and tested display magnetic order only at very low temperatures. The most prominent exception is V͑TCNE͒ 2 ͑TCNE= tetracyanoethylene͒, which to date has the highest magnetic ordering temperature recorded ͑T C Ϸ 400 K͒ for a material of this class. [1] [2] [3] Due to the paucity of structural data for this system, theoretical studies have played an important role in understanding the relationship between its magnetic, electronic, and structural properties. 4 Unfortunately, the extreme air sensitivity of this material is hampering its practical exploitation.
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Attempts to advance the state of the art in the field of metal-organic compounds have been fuelled recently by the emerging area of spintronics, where the exploitation of the electronic spin, in addition to the charge, has the potential to increase processing speeds, storage densities, and to lower power consumption compared to conventional electronics. 5 The use of organic-based magnets in the area of spintronics is potentially revolutionary because organic materials can preserve the spin information over extremely long times due to their inherently weak spin-orbit coupling. 6, 7 Many challenges need to be addressed, however, in the emerging field of organic spintronics. 8 One crucial issue is the injection of spin-polarized current and half-metallic materials are obvious candidates for achieving this. These materials support spin-polarized current only because a semiconducting or insulating gap is present for electrons with one spin orientation but is absent for those with the opposite spin orientation. Half-metallicity has been observed in inorganic materials such as manganese perovskites and Heusler alloys, [9] [10] [11] and in metal-DNA complexes. 12 The search for an organic halfmetal has been, however, largely overlooked. Recently, two organic systems based on graphene ribbons have been predicted to develop half-metallicity when immersed in an electric field 13 or chemically modified. 14 In this Rapid Communication, we are interested in the electronic and magnetic properties of the metal-organic compound Nb͑TCNE͒ 2 , closely related to the high-temperature metal-organic compound V͑TCNE͒ 2 . Magnetization measurements on Nb͑TCNE͒ 2 thin films grown by chemical vapor deposition on Si substrates have detected thermally stable ferrimagnetic order up to 210 K, a saturation magnetization of 6 ϫ 10 −4 emu Oe g −1 and a coercive field of 200 Oe at 2 K. [15] [16] [17] The first-principles electronic-structure calculations reported here agree with experiment in finding thermally stable ferrimagnetic order. The most notable result is the intrinsic half-metallicity clearly evidenced by the inspection of the electronic band structure. While the halfmetallic character emerges from the Nb-͓TCNE͔ ·− flat layers, strong ferrimagnetic interactions occur in the Nb-͓TCNE͔ ·− chains perpendicular to the layers. From the analysis of the electronic states it emerges that the rare combination of hightemperature ferrimagnetism and half-metallicity in this material is due to a subtle balance between the strong on-site electron correlation of the Nb 2+ d states and strong off-site hybridization with the TCNE molecules. These results indicate that metal-organic compounds may be an important area of exploration for half-metallic and organic spintronics.
The structure adopted for this hybrid-exchange densityfunctional theory study is based on that recently proposed for the V analog 4 because the experimental determination of the structure of the Nb compound has not yet been achieved. This is a reasonable hypothesis as Nb and V belong to the same group of the periodic table, have a similar electronegativity and are expected to adopt the same ͑2+͒ oxidation state. 16, 18 The crystal, displayed in Fig. 1 , consists of bidimensional layers containing Nb ions fourfold coordinated to equatorial 4 -͓TCNE͔ ·− ligands and twofold coordinated to trans--͓TCNE͔ ·− apical ligands which link the layers. The resulting Nb-N coordination is sixfold. Unconstrained opti-mization of the structure results in a triclinic cell defined by a = 7.39 Å, b = 7.28 Å, c = 10.14 Å, ␣ = 106.3°, ␤ = 97.8°, and ␥ = 90.1°. The calculations have been performed using the hybrid-exchange density-functional B3LYP ͑Refs. 19-21͒ as implemented in the CRYSTAL06 software package. 22 The crystalline orbitals are expanded as a linear combination of atom-centered Gaussian-type functions ͑lin-ear combination of atomic orbitals͒. The Nb basis set is a 976-31d631G contraction. The second period elements ͑C and N͒ are described with 6-31G͑d͒ contraction double valence basis sets. A Monkhorst-Pack grid of shrinking factor equal to 6 ͑112 k points in the irreducible Brillouin zone͒ is used after finding it to be sufficient to converge the total energy to within 10 −3 eV per unit cell ͑p.u.c.͒. The truncation of the Coulomb and exchange series in direct space is controlled by setting the Gaussian overlap tolerance criteria to 10 −7 , 10 −7 , 10 −7 , 10 −7 , and 10 −14
. A linear mixing of 70% and Anderson second-order mixing scheme are applied in the self-consistent field ͑SCF͒ iterations to accelerate convergence. Mulliken population analysis is used to estimate atomic contributions to the total charge and spin density. Unconstrained converged SCF solutions are obtained for different electronic spin configurations by controlling the spin density of the initial density matrix.
The computed ground-state electronic structure, displayed in Fig. 2 , and density of states plots ͑Fig. 3͒ show the halfmetallic character. The majority-spin electrons occupy bands that cross the Fermi level, E F , where the corresponding density of states is gapless. Conversely, a band gap of 1.79 eV is present in the minority-spin bands and related density of states. The nature of the majority-spin electronic structure is therefore metallic while the system is an insulator for the minority-spin electrons. Detailed analysis of the states contributing to the electronic structure shows that the metallic character for the majority-spin electrons is mostly confined to the flat Nb-͓TCNE͔ eq planes. The broad majority-spin bands crossing the Fermi energy in the region of the F point ͑shown as dashed-dotted lines in ͑Color online͒ The electronic structure of Nb͑TCNE͒ 2 in its ground-state ferrimagnetic configuration. From left to right the four panels represent: the density of states and the electronic band structure of the majority-spin electrons ͑in red online͒; the electronic band structure and the density of states of the minority-spin electrons ͑in blue online͒. The dashed-dotted, dashed, and dotted lines correspond, respectively, to the hybridized Nb t 2g -TCNE ‫ء‬ , Nb t 2g , and e g states. The energy scale ͑electron volt͒ is expressed relatively to the Fermi energy, E F . 
͓TCNE͔
·− ‫ء‬ orbitals of the equatorial ligands. The band gap in the minority-spin states lies between ͓TCNE͔ ·− ‫ء‬ states and unoccupied Nb t 2g states ͑dashed lines͒. This electronic structure is the result of a combination of on-site electron correlation and strong metal-ligand hybridization. The Nb d states are separated into t 2g -like and e g -like subbands ͑the latter depicted as dotted lines in Fig. 2͒ by a crystal-field splitting of approximately 4.3 eV.
In Ref. 4 we reported results from first-principles calculations for the compound V͑TCNE͒ 2 which is known to be a semiconducting ferrimagnet. It is interesting to explore why V͑TCNE͒ 2 is semiconducting whereas Nb͑TCNE͒ 2 is halfmetallic. Both Nb and V belong to group 5 of the periodic table, with V belonging to period 4, and Nb to period 5. As a result of the more diffuse nature of the Nb 4d with respect to the V 3d orbitals, the substitution of V with Nb in M͑TCNE͒ 2 compounds induces a significantly enhanced metal-ligand interaction. The calculations indicate the formation of metallic hybridized Nb/TCNE bands which evidences an enhanced backbonding interaction due to a considerable overlap between the metal 4d and the equatorial TCNE 2p orbitals.
The electronic band structure can be interpreted in terms of the Hamiltonian first introduced by Hubbard,
where t is the nearest-neighbor transfer integral, U is the on-site Coulomb repulsion and c i † and c i are the creation and annihilation operators of an electron with spin = ↑ , ↓ at site i, with i being a lattice site index. Here n i represents the occupation number operator which is defined as n i = c i † c i . By fitting this Hamiltonian to the calculated band structure we obtain a Hubbard parameter U Ϸ 3 eV for the Nb t 2g states. As the bandwidth of these states is of order 0.3 eV ͑see In order to assess the influence of the approximate treatment of electronic exchange and correlation on the halfmetallic character, the ground-state calculation was repeated using a generalized gradient-corrected approximation ͓PBE ͑Ref. 24͔͒ and an alternative hybrid-exchange functional ͓PBE0 ͑Ref. 25͔͒. It was found that the prediction of the half-metallic character is robust with respect to all exchangecorrelation functionals tested here. Compared to B3LYP, PBE0 leads to increased electronic localization and a larger band gap in the minority-spin channel ͑2.34 eV͒ while PBE gives a much more diffuse electronic density, with a minority-spin gap of 0.18 eV.
The presence of unpaired electrons results in spin moments whose mutual interaction determines the macroscopic magnetic character of the material. The plot of the spindensity difference in Fig. 4 illustrates the areas of excess of majority-and minority-electron spin densities in the ground state. The spin density can be partitioned in the three chemical units that compose the crystal: the Nb ion and the equatorial and apical ͓TCNE͔ ·− radicals. In the ground state the spin moment on the Nb ion is aligned in an antiparallel fashion to both spin moments on the ͓TCNE͔ ·− molecules, resulting in ferrimagnetic order with a total magnetic moment of 1 B per formula unit. The prediction of a ferrimagnetic ground state agrees with magnetization measurements in thin films which detected ferrimagnetic order up to 210 K, a saturation magnetization of 6 ϫ 10 −4 emu Oe g −1 and a coercive field of 200 Oe at 2 K. [15] [16] [17] The local exchange repulsion ensures that in the ground state the unpaired electrons on each atom are coupled in an antiparallel fashion to those on its nearest neighbor ͑the vinyl C atoms act a single spin unit in this respect because they share a double bond͒. This spin alternation mechanism generates long-range magnetic coupling which has been observed previously in -bonded organic networks. 26 Any other state that violates this alternation will do so at an energy cost. An estimate of the energy scale for spin fluctuations and, hence, for the thermal stability of the ground state is given by the energy difference with the next lowest energy state. The energies and total magnetic moment per unit cell and the Mulliken spin populations of Nb ion, equatorial ͓TCNE͔ ·− and apical ͓TCNE͔ ·− for the ground state and next lowest energy state are shown in Table I . In the lowest en- ergy state found that breaks this spin alternation rule the net spin moments on the Nb ion and ͓TCNE͔ ·− radicals are all parallel to each other, giving ferromagnetic order with a total spin moment of 2.74 B per formula unit. The analysis of the spin-density maps indicates that the spin alternation mechanism is violated in the direction perpendicular to the Nb-͓TCNE͔ eq planes, at a significant energy cost ͑of ϳ0.2 eV per unit cell͒. In the Nb-͓TCNE͔ eq planes the spin alternation is still fully respected and the change in the sign of the ͓TCNE͔ eq net spin moment is due to a variation in the size of the local atomic moments rather than to a change in their sign. A stable state where the spin alternation rule is violated in the planes could not be found. The reluctance of the system to break the spin alternation pattern in the planes is further evidence of the strong itinerant magnetism present in the planes, where the Nb-͓TCNE͔ eq hybridized electronic states reside giving rise to the half-metallic character of the material. It is therefore the magnetic interactions along the chains that determines the magnetic ordering temperature while the electronic interactions in the planes determine the half-metallic character of the material. Each layer in this system therefore supports a quasi-two-dimensional metal. Further experimental and theoretical studies of this property, and its interaction with applied magnetic fields, would be of great interest.
In conclusion, the metal-organic compound Nb͑TCNE͒ 2 has been studied by means of electronic-structure calculations based on hybrid density-functional theory. The combination of strong on-site electron correlation between the Nb 2+ d states and strong off-site hybridization with the equatorial ͓TCNE͔ ·− ligands produces a half-metallic state in which spin-polarized Nb 2+ -͓TCNE͔ ·− planes are separated by ͓TCNE͔ ap with strong ferrimagnetic order. In agreement with experiment, the compound is found to be a ferrimagnet with a high ordering temperature for this class of materials. In addition and most interestingly, Nb͑TCNE͒ 2 is predicted to be a half-metal. A subtle combination of strong on-site electron correlation among the Nb 2+ d states and strong off-site hybridization with the equatorial ͓TCNE͔ ·− ligands produces a half-metallic state in which spin-polarized Nb 2+ -͓TCNE͔ ·− planes are separated by ͓TCNE͔ ap with strong ferrimagnetic order. The prediction of the coexistence of these properties in Nb͑TCNE͒ 2 may expand the fundamental interest in metalorganic compounds as promising materials for half-metallic and organic spintronics.
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